Murine AIDS (MAIDS) is induced by a replication-defective virus (BM5d). In susceptible mice (C57BL/6J), inoculation with LP-BM5 murine leukemia virus, which consists of the BM5d virus and replication-competent B-tropic ecotropic (BM5e) and mink cell focus-inducing (BM5-MCF) helper viruses results in the polyclonal proliferation of T and B cells, immunodeficiency, and the expansion of B cells containing the BMSd provirus followed by the development of B-cell lymphomas. Several strains of mice that are resistant to LP-BM5-induced murine AIDS have been identified, and major histocompatibility complex genes as well as non-major histocompatibility complex genes were shown to play a role in this resistance. In the present study, we have examined and compared the replication of the BM5d and BM5e viruses after inoculation of LP-BM5 into sensitive (C57BU6J) and resistant (C57BL/KSJ) mice. Using a specific polymerase chain reaction, we could detect the BM5d and BM5e proviruses as early as 1 week postinfection in the sensitive mice, and the levels of both viruses increased significantly with the progression of the disease. In contrast, in the resistant C57BL/KSJ mice, replication of BM5d and BM5e was restricted and no BM5d and only very low levels of the BM5e provirus could be detected either at early or late times postinoculation with the LP-BM5 virus mixture. Inoculation with LP-BM5 did not lead to the production of antibodies that could recognize the BM5d-encoded Pr60O'8 in either the sensitive or resistant mice; however, production of antibodies recognizing the env-related proteins of the helper virus was detected in the resistant but not in the sensitive mice at late times postinfection.
Interestingly, inoculation with LP-BM5 increased polyclonal stimulation of spleen cells and decreased mitogen stimulation in both strains of mice. This stimulation of splenocytes persisted in the sensitive mice but decreased after a few weeks in the resistant mice. These results show an early block in BM5d and BM5e replication in the resistant C57BL/KSJ mice and indicate that resistance is a consequence of the inhibition of an onset of the BM5d virus infection and its expansion. However, initial responses to virus infection such as proliferation of spleen cells and response to mitogen are similar in both strains of mice and are therefore not necessarily related to the development of the disease.
In recent years, attempts have been made to establish animal systems that would provide a suitable model for the study of the human immunodeficiency virus (HIV) infection. In the absence of known murine lentiviruses, retrovirus-induced murine AIDS (MAIDS) is presently one of the best murine models which exhibits many similarities to the HIV type 1 (HIV-1)-induced AIDS. Susceptibility to the development of MAIDS, after inoculation with LP-BM5 murine leukemia virus, is influenced by complex hostvirus interactions. LP-BM5 murine leukemia virus is a mixture of viruses, consisting of a nonpathogenic replication-competent B-tropic ecotropic virus (BM5e), a mink cell focus-inducing (MCF) virus (BM5-MCF), and an etiologic, replication-defective virus (BM5d), that induces a progressive lymphoproliferative disease when inoculated into adult C57BL/6J mice (1, 5) . The disease is characterized by polyclonal T-and B-cell activation, enhanced production of several cytokines, hypergammaglobulinemia and immunosuppression, and development of B-cell lymphomas at late stages of the disease (7, 20, 21, 29, 30) .
Studies from two laboratories have shown that MAIDS is induced by BM5d, a replication-defective virus (1, 5) . Direct confirmation that the cloned defective provirus plays an * Corresponding author.
essential role in the induction of MAIDS was demonstrated by the ability of the defective viral RNA, packaged in the *2 line into ecotropic virus pseudotypes, to induce disease after injection into C57BL/6J mice (16) . In diseased mice infected with LP-BM5, expression of the defective virus was demonstrated in spleens, thymus, lymph nodes, and macrophages (7, 8) , while analysis of mice infected with BM5d alone showed that most infected cells belong to the B-cell lineage and that the progression of the disease is associated with the expansion of B cells containing the BM5d provirus (17, 18) . Additionally, it has been shown that functional T and B cells are essential for the development of the disease; however, the mechanism(s) by which BM5d induces MAIDS is not clear (2, 31, 38) . The defective virus encodes a fusion protein (Pr609a9) that encompasses the gag regions of p15, p12, p30, and plO and is expressed on the cell surface (15) . It was suggested that the expression of Pr6099g may directly confer a growth advantage to infected cells (15, 16) or, alternatively, that Pr60Qag acts as a superantigen which stimulates T cells and that the subsequent production of several cytokines results in the activation and functional alteration of T and B cells (19) . Deregulated expression of several cytokines such as interleukin-1 (IL-1), tumor necrosis factor, gamma interferon (IFN-y), and IL-10 was observed in spleens and macrophages of infected mice (7, 8, 12, 33) . Furthermore, T cells isolated from infected C57BL/6J mice at later time points postinfection fail to proliferate, produce IL-2 in response to mitogen and alloantigen, or provide help for antibody production or induction of cytolytic T-lymphocyte (CTL) responses (12, 29, 30) . More recent results have suggested that the nonresponsiveness of T cells of mice with MAIDS may be due to a defect in transmembrane signalling occurring prior to protein kinase C activation (11) . A large panel of inbred (and some outbred) strains of mice have been examined in attempts to identify genetic factors that may determine resistance to LP-BM5. Genes within the major histocompatibility complex appear to play a role in resistance as well as in the degree of susceptibility to the development of MAIDS (13, 14, 17, 26, 27) . In addition, non-major-histocompatibility complex-linked loci, such as Fv-1 and Rmcf, which limit the spread of the defective virus by restricting the replication of helper viruses, were suggested to play a role in the induction of MAIDS (14) . A correlation between the resistance phenotype and the absence of defective proviral DNA in spleens of resistant mice inoculated with a mixture of LP-BM5 viruses was shown (6, 17) . These results suggested that the spread of LP-BM5 infection is genetically controlled. However, analyses of host responses to LP-BM5 infection in strains of mice which are resistant to MAIDS have been limited. HamelinBourassa et al. (13) labeled DNA probes as described recently (7). Probes. A probe representing the p12 region of the defective virus genome (Dpl2a) and the ecotropic virus-specific probe were described recently (4, 8) . A 100-bp Sall and XbaI fragment from Dpl2a and the 400-bp EcoRI fragment from the ecotropic virus probe were used as the templates in randomly primed transcription.
Primers and PCR amplification. The following oligonucleotide primers were used for the amplification of BM5d: 5' primer, 5'-CCAGTTAAGAAGAGGCGGCCG-3' (sense) corresponding to nucleotides (nt) 1480 to 1500, and 3' primer, 5'-ATGAGACTGCCAAAGTTGTGATCTAGACG-3' (antisense) corresponding to nt 3314 to 3334 of the BM5d genome. The following oligonucleotide primers were used for BM5eco: 5' primer, 5'-GATGGCGACAGAGAAGAG GCC-3' (sense) corresponding to nt 1538 to 1559, and 3' primer, 5'-TAGGTGACTAGGGGAGGTCGA-3' (antisense) corresponding to nt 2558 to 2578 of BM5d (6) . PCR Reaction mixtures containing ecotropic virus-specific primers were annealed at 61°C. The PCR products were then analyzed by electrophoresis on 1 or 1.2% agarose gels. In some experiments, the PCR-amplified fragments were transferred onto nitrocellulose filters (Millipore, Bedford, Mass.) (35) and probed with either the 32P-labeled fragment from Dpl2a or the 1.0-kb amplified fragment from pBM5e.
RESULTS
Detection of BM5e and BM5d proviral DNA in infected cells by PCR. The presence of BMSd proviral DNA in spleens of diseased mice was previously demonstrated by Southern hybridization with the probe that was specific for the p12 region of the BM5d virus (6, 16) . Surprisingly, this 100-bp sequence, which is present only in BMSd proviral DNA and not in BMSe provirus, cross-hybridizes strongly with genomic DNA, and by Southern hybridization multiple bands can be identified in infected and uninfected mice.
Similarly, an ecotropic virus-specific probe (4) that was shown not to cross-hybridize with xenotropic or MCF viruses identifies a single 8.2-kb band in PstI-digested genomic DNA from uninfected mice (data not shown). The crosshybridization seen with both of these probes complicates not only the detection of LP-BM5 virus but also its quantitation. The insertion of a marker gene (neomycin) into the 3' end of the BMSd provirus facilitated identification of the integrated provirus in infected organs; however, virus latency was sometimes longer and organ enlargement was more variable (18) . To amplified when pBM5e DNA was used as a template (Fig.  1A) . To obtain primers specific for the BMSe proviral DNA, we used as the 5' primer an oligonucleotide corresponding to the p12 region of the BM5e provirus and a 3' primer corresponding to the sequence spanning the gag-pol junction. These two oligonucleotides amplified a 1,100-bp fragment from pBM5e but not from pBMSd DNA (Fig. 1B) .
The ability and specificity of these primers to amplify integrated proviral DNA in infected cells were further tested by the amplification of genomic DNA isolated either from PA317 cells producing the amphotropic BM5d pseudotype or Sc-1 cells infected with LP-BMS viruses. By using genomic DNA from PA317 cells producing amphotropic pseudotype BMSd, Bm5d-specific primers amplified a 1,900-bp fragment corresponding to the BM5d provirus. No fragments were amplified with BMSe-specific primers, further defining the specificity of these primers. Genomic DNA from Sc-1 cells chronically infected with the LP-BM5 mixture was amplified by using either BMSd-or BMSe-specific primers. In contrast, only BMSe-specific primers could amplify genomic DNA isolated from Sc-1 cells chronically infected with BMSeco ( Fig. 1A and B) . Since the 3' primer used for amplification of the BMSd DNA could also hybridize with the BMSe proviral DNA, we examined whether the presence of a large excess of BMSe proviral DNA in infected cells would interfere with the detection of low levels of the BMSd provirus. Using the defective virus-specific primers to amplify proviral DNA from plasmids containing various ratios of BMSd or BMSe DNA, we were able to detect the BMSd provirus even in the presence of 100-and 1,000-fold excesses of the BM5e provirus (Fig. 2, lanes 5 and 6) BM5e integrated proviral DNA could be detected in the first week of infection; however, the levels of both defective and ecotropic proviral DNA were significantly increased at 2 weeks after infection, and further increases were observed as the disease progressed ( Fig. 3A  and B) . During the first week postinfection, defective proviral DNA could be detected only when 50 PCR cycles or two rounds of 25 PCR cycles of amplification were used. However, by 3 weeks postinfection, 30 cycles of amplification were sufficient to detect BM5d proviral DNA in spleen cells (Fig. 4) . These results suggest that, during the first week of infection, the number of cells containing the defective provirus is very low (less than 1 in 104) and that the amplification of BM5d proviral DNA occurs within a few weeks after infection. In contrast, in C57BL/KSJ mice, which are resistant to LP-BM5-mediated MAIDS, we were not able to detect any proviral BM5d DNA at either early or late times postinfection even when 50 cycles (or two-step amplification) were used (Fig. 3A) . The replication of the BM5e helper was also suppressed in these mice; low levels of proviral BM5e DNA could be detected only at 4 weeks postinfection and did not increase at later times after infection (Fig. 3B) . These results show that the replication of both defective and ecotropic LP-BM5 virus is suppressed in the resistant C57BL/KSJ mice.
Correlation of the levels of proviral DNA and viral transcripts in the resistant and sensitive mice. To determine whether the increase in the levels of the defective and ecotropic proviral DNA correlates with an increase of expression of these viruses, we analyzed the levels of viral C57BL/6J C57BL/KSJ FIG. 3. Amplification of proviral DNA isolated from spleens of BM5-infected C57BL/6J and C57BL/KSJ mice at different times postinoculation. Three micrograms of genomic DNA was amplified with BM5d-specific primers (50 PCR cycles) (A) or BM5e-specific primers (30 PCR cycles) (B). The amplified fragment was separated on 1% agarose gels, DNA was transferred to nitrocellulose filters, and the filters were hybridized with 32P-labeled BM5d-specific probe (A) or BM5e-specific probe (B). Autoradiograms were exposed overnight, with the exception of C57BL/KSJ DNA in panel A, which was exposed for 10 days.
RNA in infected sensitive and resistant mice. Although no expression of BM5d could be detected in spleens of C57BL/6J mice at 1 week after inoculation, the levels of defective virus-specific transcripts increased significantly by 3 and 9 weeks after infection (Fig. SA) after inoculation with the LP-BM5 mixture. Fifteen micrograms of RNA was separated on a denaturing gel, transferred to nitrocellulose, and hybridized with 32P-labeled BM5d-specific probe (A) or BM5e-specific probe (B) as described recently (8) . Shown autoradiograms were exposed overnight; however, negative samples did not reveal any bands even after 5 days of exposure. tion, which is in agreement with the findings that no BM5d provirus could be detected in spleens of resistant mice.
Expression of BM5e was observed in the spleens of C57BL/6J mice at 3 weeks postinoculation; by 9 weeks postinoculation, when the disease already progressed, the spleens showed high levels of BM5e expression (Fig. SB) . In contrast, expression of Bm5e could not be detected in spleens of C57BL/KSJ mice (Fig. SB) were tested for the presence of antibodies to gag and env proteins of BM5e and to Pr609'9 of BM5d by immunoprecipitation. Inoculation with the LP-BM5 virus did not elicit a strong immune response in either the sensitive or resistant mice. Sera collected from both C57BL/6J and C57BL/KSJ mice, up to 21 days after inoculation with LP-BM5, immunoprecipitated only low levels of env-related molecules from cell lysates of fibroblasts infected with LP-BM5, but no antibodies to gag proteins could be detected in either serum (Fig. 7) . At later times postinoculation (28 and 63 days), sera from C57BL/KSJ mice immunoprecipitated high levels of env-related molecules, while sera from C57BL/6J mice did not precipitate any viral proteins. These results indicate that (27) . The question that remains is whether Fv-1 restriction, which affects the replication of the ecotropic helper virus, plays an important role in resistance to LP-BM5-mediated disease (14, 17) . It (32, 34) , since the resistance to MAIDS was mapped previously to the H-2D locus (27) . The genes of the H-2 locus are known to control immune responses to viral antigens (25) and are therefore likely to affect the progression of MAIDS, which is dependent on the interaction of T cells with infected B cells.
Surprisingly, during the early stages of infection, we have observed an increase in the in vitro proliferation of splenocytes isolated from either sensitive or resistant mice inoculated with the LP-BM5 virus mixture, while minimal stimulation was seen with the BM5e virus alone. The absence of correlation between the proliferation of infected splenocytes and the increased levels of defective provirus in sensitive mice indicate that the majority of spleen cells from LP-BM5-infected animals are in a stimulated state and cannot be further restimulated by an increased level of viral antigen. The refractory state was also demonstrated by the limited response of the infected splenocytes to mitogen. It was recently reported that the development of MAIDS is associated with the proliferation of BM5d-infected B cells (18) . Infection with the defective virus leads initially to polyclonal B-cell proliferation and in later stages to the clonal proliferation of B cells and the development of lymphomas. We have recently observed that both the stimulation of splenocyte proliferation and the amplification of the defective provirus require functioning T cells, since neither of these phenomenoma occurs in LP-BM5-infected athymic (nu/nu) mice (data not shown). Our data emphasize further the direct relationship among the amplification of the defective virus, the production of T-cell-mediated lymphokines, and the development of the disease.
The initial BM5d inoculum triggered the proliferative response and transient production of IL-2; however, the proliferation continued in the absence of detectable IL-2 synthesis, suggesting that, in addition to IL-2, other growth factors/cytokines may be involved in the long-term stimulation of splenic cells (12) . It was shown recently that a radiation-leukemia virus-induced thymic lymphoma (from which the BM5d virus originated) (23) constitutively secretes IL-4 (37). Although we have not been able to detect increased levels of IL-4 mRNA in spleens of diseased mice (8) , the method of detection used (Northern hybridization) may have not been sensitive enough to detect the low levels of IL-4 required for autocrine stimulation. More comprehensive analysis of cytokine gene expression is needed to determine which of the lymphokines is essential for the proliferation of BM5d-infected B cells.
The relationship among mouse genotype, restriction of LP-BM5 replication, and consequent resistance to LP-BM5 virus-induced immunodeficiency may have some analogy with HIV-1 infection in humans, in which the replication of HIV-1 and progression of HIV-1 infection may also be genetically regulated. There are at least two indications that HIV-1 replication may be restricted in some infected individuals. (i) The average incubation time for AIDS among HIV-1-infected individuals varies widely (24) . (ii) The disappearance of the HIV-1 provirus in a few infected individuals was observed (10) , suggesting the existence of host-mediated responses that are able to inhibit infection and/or eliminate the infected cells. Although presently no human genes that confer resistance to HIV-1 infection have been identified, it was observed that the progression of HIV-1 infection toward AIDS is affected by certain HLA haplotypes (28, 36) . Thus, in order to understand the natural history of HIV-1 infection and its spread, it may be necessary to evaluate the relationship between HIV-1 infection and the development of the disease among individuals expressing different HLA haplotypes and to identify the human genes that may restrict HIV-1 replication.
